Abstract. The aberration introduced by the primary optical element of a lightweight large aperture telescope can be corrected with a diffractive optical element called the liquid crystal spatial light modulator. Such aberration is usually very large, which makes the design and modeling of such a system difficult. A method to analyze the system is introduced, and the performance limitation of the system is studied through extensive modeling. An experimental system is demonstrated to validate the analysis. The connection between the modeling data and the experimental data is given.
Introduction
In a satellite-based laser communication transmitter, a large aperture telescope is required to maintain a small beam divergence for long distance laser communication. The primary optical element needs to be extremely lightweight for space deployment. Ideally, it can be made of a membrane type of material coated with highly reflective coating. However, vibration, thermal expansion, mechanical stress, and manufacturing imperfections can seriously reduce the performance of the primary mirror and introduce large aberrations to the telescope. [1] [2] [3] An active wavefront correction system that can compensate for the aberration is important. A schematic of the proposed laser communication transmitter with such an active wavefront control system is shown in Fig. 1 .
The active correction device used in the system can be a deformable mirror, microelectromechanical systems ͑MEMS͒, optically addressed spatial light modulator, or a liquid crystal spatial light modulator ͑LC-SLM͒. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] By having an active device where each element of the device can be programmed to a desired phase value, diffractive wavefront compensation can be achieved for large aberrations. A high-resolution device also enables many new capabilities such as nonmechanical random-access beam pointing, multiple beam control, dynamic focus ͑defocus͒ of laser beam as well as beam steering. A LC-SLM is such a device that has the advantages of being low cost, highresolution, low profile, lightweight, and capable of handling medium to high laser power. [14] [15] [16] Researchers at the Air Force Research Laboratory have pioneered in developing a concept that uses a liquid crystal device to correct for a large aberration in an optical system. For example, McManamon and Watson et al. pioneered a liquid crystal optical phased array device, a onedimensional ͑1D͒ type of LC-SLM that can be used for laser beam steering and showed the basic efficiency theory related to this type of device. 14 Gruneisen et al. pioneered in high-resolution wavefront control in a large aperture telescope with a diffractive optical element. They studied the diffraction efficiency, dynamic range of correction, efficiency for correcting large defocus and astigmatism, and the wavelength dependence of such a system using a Fourier optics approach. [1] [2] [3] Also, Gruneisen et al. have addressed the efficiency issue associated with the local wavefront slope needed for large correction. In this paper, we give a comprehensive analysis of a wavefront correction system using a LC-SLM, considering the aberration being corrected, the resolution of the correction device, and the LC-SLM efficiency. The paper is organized in the following way. First, a simple model to evaluate the performance of the optical system is proposed. Independent efficiency factors are introduced and discussed. Second, numerical modeling is carried out to study independent efficiency factors. Third, an experimental study of a high-resolution wavefront correction system is shown. Finally, a connection between the modeling data and the experimental data is made.
A Model to Describe High-Resolution
Wavefront Correction Using LC-SLM To evaluate how well a wavefront correction system works in terms of restoring the wavefront to diffraction limited performance, the Strehl ratio of the system after wavefront correction is a core performance metric. We consider four major factors that contribute to the Strehl ratio of the system, as shown in Eq. ͑1͒ total = s ray aber SLM .
͑1͒

Factor s
The first factor, s , is the passive loss associated with the imperfections in the mirror surface, scattering, absorption, front surface reflection, and so on. This factor mainly depends on the material and process that is used to make the optical elements.
Factor ray
The second factor, ray , is the ray aberration term that is related to the ray aberration in the system. It is strongly related to the relative conjugate position of the element being corrected and the corrector. As a simple example, shown in Fig. 2 , if there is a substantial aberration in the primary mirror, a ray A can miss the aperture of the correction device. In another case, two rays, B and C, could cross each other and hit the same element on the corrector device. When such things happen, the correction device would not be able to perfectly correct for the wavefront aberrations, even if an infinitely high-resolution correction device is used. The value of this term depends on many factors.
First of all, ray depends on the optical system design. In a perfect conjugate system, where the correction device is placed at the conjugate position of the primary optical element, the position of any ray that hits a particular point on the primary mirror will hit a corresponding point on the LC-SLM. There is a one-to-one relationship of the ray interception position on the primary mirror and the correction device, regardless of what is the magnitude and order of the aberration on the primary mirror. In this case, ray = 1 always holds true. However, it is hard to design a practical high numerical aperture telescope with perfect conjugation. If the wavefront corrector is not in a conjugate position, the wavefront aberrations could cause substantial shift of the ray interception position on the corrector device for different aberrations, and the value of ray will be lower than 1.
Second, ray depends strongly on the magnitude and the order of the wavefront aberration for a nonconjugate telescope. As an example, we used CODE V optical design software to trace a uniformly spaced ray bundle through a particular optical system as shown in Table 1 . The position of each ray intercepting the LC-SLM correction plane is plotted in Fig. 3 . In Fig. 3͑a͒ , a low order Zernike mode with 60 waves rms of primary coma on the primary mirror of the transmitter is shown. In Fig. 3͑b͒ , a high order Zernike term, the standard Zernike term Z 33 with 20 waves rms of wavefront aberration is shown. The second case has a much stronger ray aberration than the first case because the shift of the ray interception position on the correction device is much stronger than the first case. When the shift of the ray interception position is much larger than the element size of the corrector element, even if the total rms wavefront aberration is smaller than the low order aberration, a good correction cannot be achieved because the ray is shifted to a wrong correction element. So ray for the second case is much smaller than for the first case.
Third, ray also depends on the resolution of the correction device. Although it might be counterintuitive, for the way we have defined this term, its value drops as the resolution of the correction device increases. This is because the significance of the nonconjugate nature of the system is related to the considered area of one corrector element. The larger the resolution, the smaller the considered area of interest, and the more likely the ray will be shifted to a wrong element on the corrector device, which lowers the value of this term. For example, if a particular ray is shifted 100 m due to the nonconjugate nature of the telescope, and assuming the size of the active element is 1000 m, then the shift of the ray is much smaller than the active element, and the effect of the ray aberration on the value of ray is small enough to be neglected. However, if the size of the active element is 50 m, then the shift of the ray is much larger than the size of the active element, and the value of this term is low because the ray does not go through the conjugate corrector element. In this case, the nonconjugate nature of the telescope will have a substantial effect on the value of this term.
Not having a simple analytical method to fully quantify the term ray , we can use a numerical method of a simple ray tracing algorithm to describe this term in a physically meaningful way. Consider a certain aberration in a certain optical system, where we can trace a m ϫ m bundle of rays through it. The correction device in the system has m ϫ m elements across the clear aperture. For each element on the correction device, we can count how many rays intercept its area. When there is no aberration present in the system, the number of rays that intercept each element on the correction device should be one. However, when aberration is present in the system, the number of rays intercepting a certain element is no longer one. We define n 0 to be the number of elements on the corrector device that have no ray intercepting that element, n 1 to be the number of elements on the correction device that have one ray intercepting it, n 2 to be the number of elements on the corrector device that have two rays intercepting it, and n k to be the number of elements that have k rays intercepting it. However, we want to trace more than one ray through a certain element to be more accurate. We use j ϫ j rays in the bundle, and m ϫ m elements on the correction device ͑j Ͼ m͒. There should be j 2 / m 2 rays intercepting one ele- ment on the correction device, when there is no aberration in the system. It is convenient to normalize the number of rays intercepting one element on the correction device by the factor of j 2 / m 2 for later calculation. In the case of normalization, if there is an aberration in the system, we can still define n 0 to be the number of elements that has no ray intercepting the element, but n 1 will be the number of elements that has a number of normalized rays intercepting it in the range of ͑0 1͔. The same way, n k is the number of elements that has a normalized number of rays in the range of ͑n k−1 n k ͔. Then the percentage of elements that has normalized k rays intercepting the element is k = n k / m 2 . For a telescope system shown in Table 1 , if the aberration on the primary optical element is a primary spherical aberration Z 13 , and the correction device is a 50ϫ 50 resolution device, then 0 = 12.2%, 1 = 73.8%, 2 = 13.9%, 3 = 0.3%, 4 = 0.0% can be obtained by tracing 500ϫ 500 rays through the system. Because the Strehl ratio of the system will be a direct function of how many rays will miss the desired element, which is simply 0 , it can be expressed in Eq. ͑2͒ ray = 1 − 0 .
͑2͒
In this case, we can obtain ray = 88% for a 50ϫ 50 correction device. On the other hand, if the correction device has 500ϫ 500 active elements, then 0 = 25.3%, 1 = 51.6%, 2 = 22.3%, 3 = 0.3%, 4 = 0.0% can be obtained similarly. In this case, the ray = 74.7%. We can also vary the resolution of the correction device and the aberration on the primary telescope to perform the same calculation. The relationship between the ray and the resolution of the correcting device is shown in Fig. 4 . We can see a clear trend showing that the Strehl ratio drops as the resolution of the correction device increases, and the trend tends to saturate as the resolution of the correction device becomes very high.
Factor aber
The third factor, aber , is related to the resolution of the corrector. This term becomes larger as the resolution of the device becomes higher. If we assume an ideal piston-phaseplate correction device with finite resolution, the Strehl ratio for correcting random high order aberrations is not 100%. Considering the simplest case of correcting a simple tilt and assuming q is the number of steps for every wave of tilt, the factor aber is the same as the Strehl ratio ͑or diffraction efficiency͒ for a stairlike blazed grating as in Eq. ͑3͒.
͑3͒
We would like to estimate a factor such as the one in Eq. ͑3͒, but which is applicable to the more general case of an arbitrary two-dimensional ͑2D͒ aberration. Considering again the telescope system shown in Table 1 , any aberration on the primary mirror will induce a corresponding aberration on the correction device. The aberration profile on the correcting device can be obtained by diffractive beam propagation of a Gaussian beam from the primary optics to the correction device. ͑More details about the CODE V diffractive beam propagation calculation will be shown in Sec. 3͒. The whole aperture is divided into small, 1 ϫ 1 regions. Within each small region ⍀, the aberration profile within region ⍀ is defined as P͑x , y͒ x,y⍀ , which can be approximated by a simple tilt, where the maximum difference in the phase across the region is
The number of elements along either horizontal or vertical step is S = m / l. Then the number of elements for one wave of tilt ͑q͒ in region ⍀ is approximately
With such an approximation, the term aber,⍀ within region ⍀ can be estimated for a 2D aberration
͑6͒
If we assume the fractional intensity of the beam on region ⍀ is W ⍀ , then the total efficiency across the whole aperture is the weighted average of aber,⍀ across the whole aperture as in Eq. ͑7͒.
͑7͒
Following this approach, we can calculate the value of aber in a 2D case. In Fig. 5 , the calculated Strehl ratio for different aberrations is shown as a function of the resolution of the correction device. For a particular resolution of the corrector, the Strehl ratio is different for different aber- rations. Generally speaking, the larger the magnitude of the aberration and the higher order the aberration, the lower the Strehl ratio. However, it is also clear that if the resolution of the correction device is high enough, this efficiency aber can be very high, approaching aber =1.
Factor SLM
The fourth factor SLM is associated with the nonideal phase profile of the correction device, the LC-SLM. 13, 18, 19 Consider a simple case of a tip-tilt corrector. To correct for hundreds of waves of aberration, the thickness of the LC-SLM may become impractical as it needs to produce a large optical path difference ͑OPD͒, and the birefringence of the liquid crystal material is limited. For monochromatic light, this limitation is resolved by considering an approach where the phase profile generated by the LC-SLM is a modulo 2 version of the desired phase profile. In this case, the maximum OPD change required at any point on the LC-SLM is only one wavelength ͑͒. The phase profile on a LC-SLM is a stairlike blazed grating with phase reset of 2. As has been discussed previously, 14, 18 most elements in such a stairlike blazed grating can produce a phase profile very close to the desired phase profile. However, the orientation of the liquid crystal director cannot undergo an abrupt change to produce the phase discontinuity at the phase reset region. There is a "fly-back" region where the phase slope is in the opposite direction to the desired phase slope. The Strehl ratio of the LC-SLM SLM is related to the ratio of the width of the fly-back region and the grating period as expressed in Eq. ͑8͒. 3 A power of 2 in Eq. ͑8͒ is to take into account the efficiency for coherent light
͑8͒
Here ⌳ is the width of each grating segment, and ⌳ F is the width of the fly-back region. In a 2D LC-SLM discussed in this paper, the exact value of this term depends on many factors such as the cell thickness, the liquid crystal material birefringence, the aperture ratio of the electrode, and so on.
In later sections, a detailed study will be carried out to study the efficiency of a 2D LC-SLM and to relate those results to Eq. ͑4͒.
Numerical Modeling and Comparison with the Simple Model 3.1 Optical System Modeling for the Ray Aberration
Term and the Wavefront Aberration Term Section 2 discussed the factors that contribute to the Strehl ratio of the system. However, the values of the second and third terms are obtained through simple estimation. To obtain the values of the second and third terms in a more rigorous way, CODE V ray tracing software is used to simulate a high-resolution wavefront control system. The optical system is described in the software, and a particular aberration is introduced to the primary mirror. Then the corresponding aberration on the correction device is obtained using diffractive beam propagation. A conjugate phase profile is then introduced to the correction plane and the Strehl ratio of the system before and after correction is obtained using diffractive beam propagation. The Strehl ratio obtained this way should produce the same results as the product of ray and aber in the simple model previously described.
As an example, consider the optical layout shown in Fig.  6 and Table 1 . A compact telescope design with a parabolic primary and secondary mirror is used. The LC-SLM wavefront corrector is positioned near the conjugate plane of the primary mirror. The clear aperture of the primary mirror is 1 m with a focal length f = 300 mm. The secondary mirror has a clear aperture of 20 mm with f = 4.5 mm. The LC-SLM device has a clear aperture of 15 mm. The total magnification of the telescope is 66.7ϫ. The initial system is aberration free. An ideal lens module is introduced behind the LC-SLM to help analyze the afocal system. The point spread function at the focus of the ideal lens module is evaluated to obtain the Strehl ratio of the telescope system.
To simulate an imperfect primary mirror, a surface deformation ͓10 waves rms, or 16 waves peak-to-valley ͑pv͒ of primary defocus͔ is introduced to the primary mirror, which will introduce a wavefront aberration of 20 waves rms, or 32 waves pv of primary defocus to the optical system. With such a large aberration applied to the primary mirror, ray tracing may not be accurate enough to determine the wavefront aberration in the LC-SLM plane. Instead, the diffractive beam propagation ͑BPR function͒ in CODE V is used to obtain the phase and intensity of light at any given position in the system. The diffractive beam propagation function in CODE V is a combined method of ray tracing and a beam propagation algorithm. Geometrical ray tracing algorithm is used for the rays passing through any nonair surface. Near ͑far͒ field beam propagation algorithm is used for all air paths. In Fig. 7 , the wavefront aberration at the LC-SLM plane obtained using diffractive beam propagation is shown. The intensity profile at the LC-SLM plane is illustrated in the upper insert figure of Fig. 7 . After the introduction of aberration on the primary mirror, the Strehl ratio of the whole system decreases from 1.0 to 0.0000005.
A conjugate phase plate with 500ϫ 500 active elements over the 15ϫ 15 mm 2 clear aperture is generated by changing the sign of the aberration and taking the modulo of 2. Such a conjugate phase profile is introduced to the LC-SLM plane as the correction phase plate. Diffractive beam propagation is performed after introducing the correction phase plate. As shown in Fig. 8 , the residual wavefront error after correction is near zero within the beam waist, except for some very high spatial frequency phase error at the wavefront resets. The noise at the discontinuity of the wavefront contributes to diffraction loss. The point spread function at the focus of the system can be obtained by using diffractive beam propagation ͑BPR function in CODE V͒ of a Gaussian beam through the system. The point spread function before and after the wavefront compensation is shown in Fig. 9 . After wavefront correction, the Strehl ratio of the system improved from 0.0000005 to 0.63. A Strehl ratio improvement factor of = 0.63/ 0.0000005= 1.26ϫ 10 6 is obtained. The reason the Strehl ratio is not 1 is not due to the fact that there is substantial residual phase error after the wavefront correction. In fact, if we ignore the phase error at the wavefront discontinuity, the residual phase error is 0. However, there is loss of energy at the wavefront discontinuity, which is what we would expect for a diffractive wavefront compensation. The complexity of the wavefront and the finite resolution of the correction device are the main factors contributing to this loss.
With this technique, the Strehl ratio of the system after correction of different Zernike modes of aberration is studied. First, a fixed magnitude of 10 waves rms of different Zernike mode is introduced to the primary mirror. As shown in Fig. 10 , the Strehl ratio after correction is very different. The coma and the spherical aberration can decrease the system Strehl ratio much faster than other terms. Even with a resolution of 500ϫ 500, the Strehl ratio after correction can sometimes be as low as 0.2 ͑for the 25th standard Zernike term Z 25 ͒. For a particular Zernike mode, the Strehl ratio after correction for different magnitudes is shown in Fig. 11 . For up to 25 waves rms of low order astigmatism Z 4 and Z 6 , the Strehl ratio after correction can be higher than 0.65. On the other hand, the Strehl ratio after correction for primary spherical aberration Z 13 drops very fast as the magnitude of aberration gets larger and larger. If a Strehl ratio of 0.5 is required after correction, the maximum spherical aberration that can be corrected is only about 10 waves rms.
The resolution of the LC-SLM also places a limitation on the maximum amount of aberration that can be corrected. In Fig. 12 , the correction of primary defocus and spherical aberration with different resolutions is shown. The Strehl ratio after correction is not a linear function of the resolution of the LC-SLM device, but has a critical value. If the resolution of the LC-SLM is smaller than this critical value, the Strehl ratio after correction would still be low. Such critical resolution is related to the type of the aberration and the magnitude of the aberration. Generally speaking, the larger the magnitude of the aberration, the larger the critical resolution would be. For example, to correct for 10 waves rms of primary spherical aberration Z 13 to a Strehl ratio of 0.3 or more, such a critical resolution is about 150ϫ 150. However, for 15 waves of primary spherical aberration Z 13 to a Strehl Ratio of 0.3 or more, such a critical resolution is about 300ϫ 300. The type of aberration also plays an important role. For example, the primary defocus is much easier to correct as compared with spherical aberration, and the critical resolution is lower for the primary defocus. In any case, a high-resolution corrector device has higher correction efficiency and larger dynamic range of correction. In Fig. 12 , it seems that the efficiency becomes saturated for some aberrations, for example at 15 waves rms of Z 13 . This is due to the fact that the second efficiency term ͑ ray ͒ drops as the resolution of LC-SLM increases. The Strehl ratio obtained by CODE V, following the discussion in Sec. 2, can be considered to be the product of ray and aber . In Fig. 13 , the plot ray , aber obtained earlier by Eqs. ͑2͒ and ͑7͒, as well as the Strehl ratio after correction obtained by CODE V simulation are shown. Both data show good agreement with each other. One thing to be noticed is that the overall trend is the efficiency ͑ ray , aber ͒ increases as the resolution of the LC-SLM increases.
Another important factor that could influence the correction efficiency is the pupil apodization ͑the intensity distribution of the beam at the input aperture͒ at the primary optical element. In the system discussed above, the 1 / e 2 beam diameter on the LC-SLM plane is 7.5 mm, which is only half the size of the clear aperture of the LC-SLM. The active elements outside of the 1 / e 2 beam diameter contribute little to the Strehl ratio because the light intensity is low. More than half of the active elements on the LC-SLM device are not used very efficiently. There is a trade-off between the filling factor of the beam on LC-SLM plane versus the truncation loss of a Gaussian beam. We will not discuss this in full detail because it strongly depends on the system design. Fig. 11 The Strehl ratio after wavefront correction for different magnitude of primary astigmatism, defocus, coma, and spherical aberration. Fig. 12 The Strehl ratio after correction as function of the resolution of the correction device. 
Strehl Ratio Contribution of the SLM ͑ SLM ͒
We may use the diffraction efficiency ͑DE͒ instead of the Strehl ratio in this part of the discussion using the diffractive nature of the 1D SLM corrector. DE could be defined as a conventional DE equal to the ratio of the peak intensity in the negative first diffraction order to the peak intensity of the nonsteered beam. We assume the diffractive optical element will not introduce any aberration to the system.
To obtain the value of the fourth factor in Eq. ͑1͒, the loss associated with a 2D liquid crystal device needs to be discussed. The Strehl ratio of a 2D LC-SLM is estimated by considering the Strehl ratio of two 1D LC-SLM cases. These two configurations of 1D LC-SLM have different directions of the surface alignment ͑either perpendicular or parallel͒ with respect to the line shape electrode, as shown in Fig. 14 . Light propagation in the two different configurations of the LC-SLM is different. For example, when the surface alignment direction is perpendicular to the line shape electrode of the 1D LC-SLM as shown in Fig. 14͑a͒ , the LC director configuration is in the xz plane of the LC-SLM, as shown in Fig. 15͑a͒ . When an incident field Ex polarized along the surface alignment direction propagates through a transmissive LC-SLM, as shown in Fig. 16͑a͒ , the intensity of the other polarization of the light is always 0. Fig.  17͑a͒ . Because the intensity of the light polarized perpendicular to the incident polarization is always zero in this case, the far field intensity of light for this mode is also 0.
The fringing electric field influences for both cases are different. Figure 18͑a͒ shows the isopotential line in a LC-SLM with 10.5-m element spacing ͑thickness of the liquid crystal cell is 2 m͒, and Fig. 18͑b͒ shows the isopotential line in a LC-SLM with 1.5-m element spacing. The voltage profile in Fig. 18͑a͒ is relatively well defined. However, in Fig. 18͑b͒ , the isopotential line extends to the element with 0 V, and in parts of the element, the electric field is pointing to directions not perpendicular to the normal direction of the cell surface. Such electric field distribution will produce a phase modulation profile that strongly deviates from the desired phase profile as shown in Fig.  19͑a͒ . Thus the Strehl ratio of the LC-SLM in this case is only 26.3%, as shown in Fig. 19͑b͒ .
Due to the influence of the fringing electric fields, the diffraction efficiency of the 1D LC-SLM decreases as the element spacing of the device decreases; the efficiency for No twist structure is present. ͑b͒ Surface alignment direction parallel to the electrode direction. Twist structure is present due to the fringing fields.
Fig. 16
The FDTD simulation of light propagation in the two configurations of 1D LC-SLM. ͑a͒ The surface alignment perpendicular to the electrode direction. No polarization is observed in this case. ͑b͒ The surface alignment direction is parallel to the electrode direction. Strong polarization effect is observed, especially at regions close to the phase reset. a blazed grating with eight electrodes per blaze as shown in Fig. 20 . In this case, the voltage applied to each element is obtained from a phase versus voltage relationship estimation based on a LC-SLM with infinitely large electrodes as in Ref. 19 . However, for a 1D LC-SLM, an optimization of the voltage profile for each individual element can be carried out to improve the diffraction efficiency, 18 which will be described later in this section.
It is possible to describe the influence of the fringing electric field on the diffraction efficiency of the LC-SLM in a more quantitative way. Remember there is a term ⌳ F in Eq. ͑8͒ that is the width of the fly-back region. We find ⌳ F is related to the strength of the fringing electric field, which is again related to the cell thickness of the device. We propose an empirical relationship between the width of the fly-back region and the cell thickness as expressed in Eq. ͑9͒
Here ⌳ F is the width of fly-back region; ⌳ is the width of one reset; a is a constant related to the strength of the fringing electric field; d is the thickness of the liquid crystal device; PS is the element spacing of the LC-SLM, which is used here as a normalizing factor to make the left side of Eq. ͑9͒ dimensionless; N is the average number of elements for every reset. By inserting Eq. ͑9͒ into ͑8͒, the final expression for the diffraction efficiency becomes Eq. ͑10͒, which describes very well the diffraction efficiency data obtained by both director simulation and FDTD simulation
Here N is the average number of elements for every wave of aberration, which is 8 for the eight electrode ͑reset͒ scheme considered in Fig. 20 . The fitted line agrees excellently with the FDTD simulation data. The coefficient a is found to be a = 1.4, and the value of ␤ is found to be 0.7 for all cases. In Fig. 21 , the diffraction efficiency before and after voltage optimization is shown as a function of the LC cell thickness. For all cell thicknesses, the voltage optimization improved the diffraction efficiency substantially. We use Eq. ͑10͒ to fit the calculated diffraction efficiency as a function of the cell thickness. For cases where no voltage optimization process is carried out, the coefficient a is 1.4. However, for cases where voltage optimization is carried out, the coefficient a is 0.85 and ␤ is 0.7. A summary of the diffraction efficiency of a 1D LC-SLM with surface alignment direction perpendicular to the line shape electrode is shown in Fig. 22 . If a 1D LC-SLM is built with a commercial off-the-shelf liquid crystal material ͑refractive index anisotropy ⌬n = 0.2͒ and no voltage optimization process is performed, such a LC-SLM for a 1550-nm wavelength can deflect a laser beam about 1.8 deg To compare the diffraction efficiency of the 1D LC-SLM with surface alignment direction parallel to the electrode and perpendicular to the electrode, the diffraction efficiency of the two cases of 1D LC-SLM is plotted as function of the element spacing in Fig. 23 . The diffraction efficiency for a 1D LC-SLM with parallel surface alignment is about 5 to 15% lower than the case of perpendicular surface alignment. There are two reasons associated with such a drop in the diffraction efficiency. The first reason is that the parallel surface alignment configuration has a strong orthogonal polarization effect associated with the LC-SLM structure. For example, in Fig. 24 , the polarization ratio ͑the relative intensity of unwanted light polarization versus the total intensity of light͒ of such a LC-SLM is shown. Another possible effect is that the out-of-plane structure of the LC director can change the phase profile of the LC-SLM from the desired one. As previously discussed, an optimized voltage profile can be obtained by the optimization process for the case where the surface alignment is perpendicular to the electrode. We can use the same optimized voltage profile for the case where the surface alignment is parallel to the electrode. It turned out the optimized voltage profile works well for both cases. The diffraction efficiency for the 1D LC-SLM with both cases improved substantially. The voltage optimization improvement is more substantial for LC-SLM with small element spacing. The results are shown in Fig. 25 .
The diffraction efficiency of a 2D LC-SLM is a range ͑because it depends on the pattern of the phase profile it generates͒ defined by the two 1D LC-SLM cases in the previous discussion. The high bound value of the diffraction efficiency of a 2D LC-SLM, max corresponds to a 1D LC-SLM with surface alignment perpendicular to the electrode; the low bound value min corresponds to a 1D LC-SLM with surface alignment parallel to the electrode. Such treatment is valid when there is no coupling effect between the phase variation of the two orthogonal axes. The coupling effect between the phase variation in two orthogonal axes can be studied by considering the degree of depolarization of the incident linearly polarized light. Consider one element in the center of a group of nine elements. No volts are applied to the center element and nonzero voltage is applied to others. A strong depolarization effect will happen when the in-plane field gradient is perpendicular to the alignment axis of the device, as shown in Fig. 26 . Computer simulation with a LC3D core 21 is used to simulate director configuration and an extended Jones 22 calculation is used to calculate the transmission of the liquid crystal device between parallel polarizers. The depolarization effect depends on the voltage difference between neighboring elements and the element spacing of the device. For an element size smaller than 16 m, the depolarization effect is strong, see in Fig. 26 , where the simulation was made for element spacing of 8 m. However, for a large element device, as in Fig. 27 , where the cell gap is 6 m and the element spacing is 16 m, the de-polarization effect region is pushed toward the edge of the device and the net depolarization effect is small. In this case, the phase variation on the two orthogonal axes can be treated as independent. We can conclude here that for cases when the element spacing is much larger than the cell gap, our efficiency analysis is accurate.
The diffraction efficiency of a LC-SLM also depends on whether there will be a "trapped wall" in the device. The trapped wall occurs when the electric field gradient between the elements causes the LC director to tip with the opposite rotational sense as that defined by the surface pretilt direction. Such an effect has been studied previously 23 and can be controlled by increasing the pretilt angle of the surface alignment. 
Comparison of the Numerical Modeling Results
with the Simple Model With the above discussion, it is possible to relate the Strehl ratio of the system to many design parameters as in Eq. ͑11͒
͑11͒
For example, the Strehl ratio is a function of the scattering and reflection loss in the system ͑ s ͒, the extent of the ray missing its conjugate element ͑u 0 ͒, the resolution of the correction device ͑m͒, the complexity of the wavefront ͑⌬ ⍀ ͒, the element spacing of the correction device ͑PS͒, and the cell thickness of the device ͑d͒. It is possible to estimate the efficiency ͑1͒ by using the empirical model described in Eq. ͑11͒ or ͑2͒ by numerical calculation of the value of the four terms. Let us compare methods ͑1͒ and ͑2͒ by considering a system that has no passive loss ͑ s = 1.0͒. We consider that 32 waves pv ͑16.6 waves rms͒ of primary defocus is corrected by a 500ϫ 500 resolution correction device with 9.7ϫ 9.7 mm aperture. ͑The LC-SLM used in the experimental section has an element spacing of 19.4 m and a cell thickness of d = 6.0 m. The resolution is 1024ϫ 768, and the aperture is 20ϫ 15 mm. Only part of the aperture 9.7ϫ 9.7 mm is used with 500ϫ 500 resolution.͒ The LC material used has ⌬n = 0.20. The average wavefront slope of the aberration is about 0.004 rad for 32 waves pv of primary defocus. If we use Eq. ͑11͒ to calculate the Strehl ratio, the first factor s = 1.0 for an ideal system without passive loss. The second factor ray = 82%, as previously calculated in Fig. 4 , and the third factor is aber = 70%, as As discussed before, if we use the CODE V numerical modeling method, the Strehl ratio after correcting the 32 waves of aberration is 0.63. ͑The residual aberration is 0 except for the wavefront discontinuities.͒ This is equivalent to the product of the second and third factors in Eq. ͑11͒.
So ray aber = 0.63. The first factor is still s = 1.0 for a system with no passive loss. To obtain the value of the fourth term, consider the case in Fig. 23 , where the element spacing is 19.4 m, and there are eight elements per blaze, the wavefront slope produced by the LC-SLM is also about 0.004 rad. The Strehl ratio low bound value ͑corresponds to a surface alignment parallel to the electrode case͒ is min = 0.815, and the Strehl ratio high bound value ͑corresponds to a surface alignment perpendicular to the electrode case͒ is max = 0.858. An average of Strehl ratio for the 2D LC-SLM is SLM = 0.837 that is very close to the estimation with Eq. ͑11͒ in the last paragraph. The Strehl ratio as calculated by numerical modeling for the considered system is then total = s ray aber SLM = 1.0ϫ 0.63ϫ 0.837= 0.52.
This demonstrates that the concepts of the simple model are consistent with a more detailed numerical calculation.
Correction of Aberration in 8-in. Mirror
An experimental study was carried out to verify the results of the above-mentioned analysis and modeling, using a liquid crystal on silicon spatial light modulator ͑LCOS SLM͒. The specification of the LC-SLM wavefront corrector used in the experiment is listed in Table 2 . It consists of a thin layer of liquid crystal material sandwiched between the top glass and silicon backplane. Both the top and the bottom substrates are coated with a polyimide alignment layer with a parallel surface alignment. On the silicon backplane, the CMOS gate on each element is hidden behind the segmented aluminum mirror. The size of each mirror is 19 m 2 with a 0.4-m gap between mirrors. The filling factor of the mirror is as high as 96%, and the diffraction loss from the discontinuity of the mirror is small due to the small gap between mirrors. Measured reflectivity is 80% because the aluminum mirror is not coated with a dielectric enhancement layer. The nonuniformity of the liquid crystal layer is less than 1 / 10 at 632.8 nm. 13 A wavefront measurement and correction system is shown in Fig. 28 . The system consists of three parts, an 8-in. telescope, a phase shifting Mach-Zehnder interferometer to measure the wavefront aberration, and a LC-SLM correction device. For the telescope, because the mirror is a diffraction limited mirror with transmitted wavefront aberration less than 1 / 20 rms, window glass is introduced in front of the mirror to simulate an aberrated primary optical element. Several aberration sources are present in the system, for example, the aberration introduced by the silicon backplane of the LC-SLM device, misalignment of the optics, and the aberration introduced by the window glass. The surface of the silicon backplane is not an optical flat because during the manufacturing process the silicon backplane is glued to a none-flat heat sink, which creates a bowl-shaped surface for the whole chip. Such a bowlshaped surface introduces a wavefront aberration of 18.7 waves pv, as discussed in Ref. 13 . The aberration at the exit pupil is measured by interfering a reference beam with the aberrated beam. The standard phase shifting algorithm is used to extract the phase information of the aberrated beam. The phase profile is subsequently unwrapped and filtered with a noise removal filter, as shown in Fig. 29 . The measured aberration is decomposed into Zernike components, as listed in Table 3 . The most significant Zernike mode is 7.75 waves rms of primary defocus and 2.1 waves rms of astigmatism. The magnitude of the aberration is 34 waves pv ͑which includes the 18.7 waves pv on the LC-SLM device͒.
An optimized conjugate phase profile is introduced to the LC-SLM device to correct for the aberration. The optimization process consists of several steps as follows. First, the wavefront aberration is measured and a conjugate cor- Fig. 28 The experimental setup of aberration measurement and wavefront correction system for 8-in. telescope.
Fig. 29
The measured aberration of the telescope before wavefront correction.
Fig. 31
The residual wavefront aberration of the telescope after wavefront correction. rection phase is put on the LC-SLM. Second, the residual wavefront error is measured and added to the correction phase of the previous step. Then, the residual aberration is measured again, and this procedure is repeated until the residual aberration at the exit pupil at the interferometer is minimal. In Fig. 30 , the phase map introduced to the LC-SLM device at the final iteration is shown.
The residual wavefront map after three loops of the above-mentioned iteration is shown in Fig. 31 . The wavefront at the exit pupil of the telescope is well corrected, as the magnitude of the residual wavefront error is less than 1/10 pv or 1 / 30 rms. Diffraction limited performance is reached after the correction. It has been noticed that the residual wavefront map has a ringlike pattern similar to the reset pattern on the correction phase plate. The wavefront of the front surface reflection is aberrated and could not be corrected because this portion of light does not go through the liquid crystal layer. Thus, in the captured interferogram, such front surface reflection will show up as the abovementioned ringlike patterns. Another possible contributing factor is the diffraction from the discontinuities of the wavefront, although the intensity of such diffracted light is small. For more details regarding this, please see Ref 19 .
If we focus the laser beam to a charge-coupled device ͑CCD͒ camera, the far field beam diameter of the compensated beam can be obtained to be 136.4 m or 1.31ϫ diffraction limited beam waist. In Fig. 32 , the point spread function captured by the CCD camera is shown before wavefront compensation and after wavefront compensation. However, it is hard to determine the Strehl ratio of the system due to the difficulty in measuring the peak intensity of the aberration free system, because several aberration sources are present and there are front surface losses from many optical components. We can only measure the peak intensity of the compensated beam, which is 339 times higher than the noncompensated beam. If we try to approximate the Strehl ratio of the system by the encircled energy of the far field beam, the amount of energy passing through a 120-m pinhole is 51% that of the total laser energy at far field. ͓The detector collects all light at the focus of the lens at 1170 mm. The size of the detector is 5 ϫ 5 mm. The intensity of the beam with or without the pinhole is measured. When the pinhole is in the optical path, it is directly mounted on the detector to reduce loss. The reason we choose a 120-m pinhole is that the diffraction limited spot size of the beam is ͑4/͒f / D = 4 * 0.6328* 1170/ 8.5/ 3.1415= 98.7 m. For our system, there is no truncation to the Gaussian beam, the point spread function is a Gaussian profile instead of Airy disk. In an ideal situation where there is no aberration in the system, all light should go into the pinhole, and the amount of energy collected by the detector should be 100% of the total laser energy.͔ Then the experimentally measured Strehl ratio of the system is total = 51%. This measured Strehl ratio is in line with our analytical estimation results of total = 48% and the numerical estimation results of total = 52% in Sec. 3.3.
Conclusion
A model to evaluate the performance of a high-resolution diffractive wavefront compensation system of a severely aberrated optical element is proposed. The idea of the model can be verified by accurate numerical modeling of the high-resolution wavefront compensation, both at the system level and the device level. The aberration correction efficiency for different magnitudes and types of aberration is discussed, as well as the influence of the resolution of a LC-SLM on the correction efficiency. The viability of a large aperture deployable telescope is greatly improved by utilizing the correction power of the LC-SLM to greatly lower the tolerance placed on primary mirror. Up to several tens of waves of aberration can be corrected efficiently with current LC-SLM device, and larger correction with high efficiency can be achieved by increasing the resolution of the device. Experimentally, the correction of an aberrated parabolic reflector is demonstrated and compared to our system analysis. 
